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limited by the Kruskal-Shafranov condition, significant ohmic heating may

occur.

It is now accepted t}iat much of the characteristic behavior of tokamak

plasmas can he described in terms of the 3-D nonlinear evlution of resistive

KHD instabilities. However, as yet the fundamental KHD processes that occur

in the RFP remain unknown. S,,ch processes are probirhly responsible for

attainment and maintenance of field reversal. Ir particular, simple

estimates of the resistive diffusion time in the ZT-4Wl device at Los A 1 amos

incficate loss of field Ieversal in a time short compared co the observed

lifetime. This dvnamr effect mav restllt from the turbulent Rt=nerat ion o f

mean magnet ic field, or from large scale modes. Accura:e simu!at ioils of

thes~ 3-D nonlinear processes arr vital to uncfer%tanding the basic phvsics (,f

the RFP.
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(2a!

(2b)

.

To ~tlmmnrizc tl)(~ ahov(~ remarks, calculx ions tor LIIr tok:lmak roq~lirc r 1}0

advancement of t W() equat ions Lhnt evolve [Jn a slow timr ~c~le, whilv Ltlosc’

for th~ RFP reqllirr tht= advancem~nt of •ijz~)t eql’ation~ that ●vI}lvr on n fiis(

time nc~l tlrca(lne ~uch calcul.ltion~ art” tfitficult and time consuming, mn~t

nim(llat ion~ of the RFP have been in two climennionf, or have an~umed }Iel ical

RvmmPtrv. A recent ●xamplr of nuch a calcultiticn is di~cunrned in Sell, 111,

Tilere we alno npeclllat- on a ponnittle dvna! ilo mechanism involving tllc



-4-

internction of a few large scale resistive modes, and brieflv describe a 3-D

code that is presently under development.

11. FIELD-REVERSED THF.TA PINcH

The HHD scabi lit} of compact toroids was first investigated analytically

by Rosenbluth a~d Bussacl who used a modified energv principle to derermine

marginal stability to all ideal modes and rncst t~aring modes , They found

stability against magnetically driven modes for all toroidal mode n~lmbt=rs

n>], but found an unstable n = 1 mode for prolate spheroidal plasmas. This

mode , which is characterized l-v a rotation of the major axis inside tf-,e

separatrix, is termed the tilting mode . Highly elong~terl confiRurat ions

characteristic (>t FRTP p!,lsmns werr investigated hv Ilarnesi who f{-lulld

instabilitie~ for all n if the fltlx s~lrfaces where ~’llipt ical. In this .-as,.

the IInstnble n = I riisplncom(’nts tir{’ m~jre axial thnn rot.3t ional.
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The results of the nonl inear sirnulat iOil are shown in Fig. 1 where

contours of constant plasma density, both initially and at the end of the

run, lre shown. Note that the displacement is primarily kxial, in agreement

with the theory of Barnes. 2

The growth rate U H x 0.5 as determined numerically corresponds to an

e-foldiritz Lime of ‘2 I.IS. However, experimental results indicate chat such

configl]r~t ions can persist in a stable state for tim(’s approaching 30 I.IS, the

discharge being lost due to a rot~c ional n-2 interchange instability.

Recentlv Schwarzmeier, 7 usln~ the \’laso,~- fluid kinefic model, hus shown that

paral ‘III kinetic effects can stabilize th~ tilting mode. Addifiona]lv, 11(’

}]as sll,>wn that shaping the fltlx s~,ri aces in a racetrack manner can

f(ll!lws.

‘“ . . . . . ..- ~:!~.si.~1”..W!I!::.”(Ilaqsifv Indicnt inns

b~*hnvc ns A modlflr(l toknmnk, bII[ rather

it~ own.

2. Can MIID Act iviti’ hr Indl)ced bv Trannlort—- . . . . - . -.._ - . - . - - . - - A - .- - . -—

are thnt thp RFI) does not simplv

exhibits MH:) behavior uriq~lclv

and How Does MHl) Activitv Aff~rt-- - ..- .-—-- - -—- — -————. -- J.. - . ._

Trans~ort ? sLlldit-!I with transport codes have shown that ini:iallv-.—- - - - -- stablr

profi Ies will nntllrnl Iv evolve to unstable stat~~m The major question

is: hou dots th~~ nonlinenr ●volut ion of th-s~ destabilized modes modifv

the prnfile~, and c~n tltrs(’ effects be modcleri in trannport cnlc~llationn?
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3. Is Self-healing of Profiles Possible? In tokamaks, sawtooth oscillations

result when a profile that is destabilized by transport is stabilized by

nonlinear ?4HD activity. There is evidence t+at analogous activity can

occur in the RFP.

4. _Can~amo Action Result From Lnr~e Scale Modes? The— —— usual the ,ries———.-—. . ——

relate dynamo action to small scale turbulence. In either case, fullv

3-D simulations are necessary.

9 that addresses parrAn example or all of the above questions will nnw

be given.

A stabilized t okamak profile typically hds q > 1 on axi”.. Trans~ort

processes peak the current on the axis thus lowering q and event llallv

int reduce the q = 1 resonance into the plasma. The nnnl inear evol(lt ion of

the resulcinK m = ]/n m ] mrfl- (_hich does not enter the Rutherford re~im~

and saturate at a low lPVI 1) flattens the current outwnrd, raises q on axis,

and removes the q = 1 resona,ace. This self-healed profile then evt]lvt+s again

due co transport process leading the familiar sawtooth oscillation.

In the RFP, on the other hanr+, since q <c I many m = I/n >> 1 rvson.antes

exist ev~n in the stable ‘Ttate (thev are shear stnbilizeri, for ex.lmplc).

Transport processrs again peak the current on the axis causing R de~reasl’ in

q there and a loss of shear stnhilizat ion. This process hns been observ(’d in

I -D ~ransport studies, and the nonlinear evolution of the res~llt ing

m = l/n = 10 tearinR motle has been followed with a 2-D helical resistive FfHll

code that solves the primitivr equat ion~. 1“ It is fou~ld that the mvde

ll~deruoe~ two successive reconl)ect ions r<qulting in a stabilized profile.

l,ike the toknmnk, the first reconn~ct ion removes the q = I/lo r~( ional

surface ‘rem the pla~ma. However, nince in this cane q is monotone

decreasing, this must derrease q on axi~. Thus, instead of flattenin~ the

current , tht’ first reconnection enhances the overpeaking. “

~lnderkoes a secl~ncl reconnection that flattens the current ,

●nd rentores the oriEinal re~unnnce to an axisymmetric prufi

to the oriRinal mod~.
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The sequence of double reconnection is shown in Fig. 2, where we plot

the helical flux surfaces and flow patterns at various times during the

evolution of the mode.
.

Time is measured in units of Alfven transit times.

The first reconnection is completed by t u 3?, and the second reconnection

results in an axisymetric state. This convoluted, unvocalized, nonsymmetric

tearing has been independently verified by another code. 11

One can now envision the self-healed profile agnin evolvin~ due to

transport , resl~lting in relaxation oscillations reminiscent of the tokamak

sawtooth behavior. Indeed, bursts of m = 1 activity lasting for tens of

microseconds separated by p~riods on the order of 10(1 microseconds have been

nhserveci in [he density signals fro,., ZT-~O?l . Thes(’ t ime sc~les ar~’

consistent wi[h the time scalPs of [he !4}! D and [ransp~)rt calc(ll(lt ions

describrrl

In

mrchanisrn

is like

i~ht o f Lhese results, (In 1> can n[)u spt’cillfit(’ as to a p~)ssible

for the maintenance of field reversal due to lar~o scale moles. 9 It

v that more LhRrl OIIP m m ]/n >> ] mnd~ will hc \ln5Cnhl(’

sini’lltaneollslv ci~lr t(~ the clos(’ proximitv of the rational s~]rfaces in thr

RFP. (In [h~ toknm.nk, the nnlv m E I mod(~ allnw(I(l corres;)onds to n = I sinr~~

q ~ : evervwherp. ) It is also Iik(’lv that thesr m = I morlcs will hc pr+’ferre(i

over other po]oidfll mod v n~]mhrrs bccaIIsP thev do not entr-r tl)e R(ltllcrlord

iegimt’. ThCso modes will int~ract nonlinearly. F[> r examplt’, ttlt)

m= I/n= IO

Ottl

ISt

and m = I/n ~ II modes will interact as ft~llows:

nteract on 1/11 1/10

ntoract nn 0/1 2/21

2nd interaction 1/12 1/10 1111 1/9 from 0/1

3/32 1/10 ?/31 1/!1 from 2/21

It is likely that the 2/21 mode will be stabilized by FLR effects d~le to its

larKe toroidnl mode number. Thus, the onlv avenur to thP nonlinear

generation of m=] modes (they are “preferr[~d”) i~ bV th~ prenence of an

a:tive m = (’)/n = 1 mode that reqllir~s a reversal of tile toroidal field for
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resonance. We hypothesize that the q = O rational surface may be necessary

for the “preferred” spectrum and may be created and maintained by the

nonlinear interaction of m = 1 ❑odes.

It is interesting to note that the observed m = 1 density oscillations

mentioned previously ere accompanied by ❑ = O oscillations, and that

m = O/n = 1 flux loop signals are characteristic of the latter stages of the

ZT-40M discharge.

To either refute or verify the above hypothesis requires an accurate 3-D

resistive KHD code in realistic geometry. Such a code must solve the

primitive equations, and must include the effects of compressibility since

density fluctuations are observed to be large experimentally. To handle a

large number of modes accl]rately and efficiently, spectral or pseudospectra]

techniques should be emploved. This is crucial since one cannot rule out the

importance of small scale turbulence. With the advent of vector computers,

and for ease of d~bugging, S[JCh a code should be explicit. Additionally,

unconditionally stai,le explicit pse~ldospectral numerical algorithms can be

‘z Such a code is currentlv being written at Los Alamos.constructed.
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NONLINEAR TILTING MODE
IN THE FIELD REVERSED THETA PINCH
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